In order to improve the performance of the Bearingless Induction Motor (BIM) under large disturbances (such as parameter variations and load disturbances), an adaptive variable-rated sliding mode controller (ASMC) is designed to obtain better performance of the speed regulation system. Firstly, the L 1 norm of state variables is applied to the conventional exponential reaching law and an adaptive variable-rated exponential reaching law is proposed to reduce system chattering and improve bad convergence performance of the sliding mode variable structure. Secondly, an integral sliding-mode hyper plane is produced according to the speed error in speed regulation system of BIM. Current signal is extracted by the combination of the sliding-mode hyper plane, the electromagnetic torque and the equation of motion. Finally, the feedback speed can adjust operating state adaptively according to speed error and make system chattering-free moving. The simulation and experiment results show that the proposed ASMC can not only enhance the robustness of the system's uncertainties, but also improve the dynamic performance and suppress system chattering.
Introduction
The Bearingless Induction Motor (BIM) integrates motor rotation and suspended function. It has a series of better characteristics than the conventional motor, such as no friction, no loss, no lubrication, longer service life, high speed and high precision running. BIM holds an irreplaceable status in some special fields including high speed electric spindles, high speed gyros, fly wheel energy storage and aerospace, etc. [1] [2] [3] [4] [5] . However, BIM is a multivariable, nonlinear, strongly coupled and complex system. When it experiences motor parameter variations or external large disturbances, BIM can not achieve high precision control performance under the conventional Proportional-Integral (PI) controller [6] . As a consequence, it is extremely important to design a fast, accurate and stable high-performance controller.
At present, many relative scholars around the world have done a great deal of research, and some advanced control strategies have been gradually applied to the motor system, such as neural network control [7, 8] , fuzzy control [9] , etc. In fact, the control strategies above are difficult to be used in practical engineering due to their complicated design and harsh application conditions. Nevertheless, the sliding mode control strategy belonging to the category of modern control strategy appears greatly superior due to the fact that it does not require a high precision system mathematical Energies 2016, 9, 452 2 of 14 model and has strong adaptability to uncertain factors (such as parameter variations, speed mutations, and load disturbances). Most of all, this strategy can be easily realized in the engineering. Therefore, it presents a good application prospect in the field of the alternating current servo control system. In [10] , the sliding mode control strategy was applied to the electromagnetic actuator, which avoided the saturation of actuator. In [11, 12] , the sliding mode observer was used in a permanent magnet synchronous motor (PMSM) and brushless direct current (DC) motor. As a result, it reduced the speed error and improved the accuracy and stability of the motor system without a position sensor control. In [13] , a switching estimator combined with a two-stage observer structure was proposed. It reduced the uncertainties and disturbance effects to the sensorless control in automotive applications. In [14] , an improved terminal-sliding-mode control was used to implement the clutch control for automotive transmissions. This experiment proved that the control further improved the convergence rate and tracking precision of the closed-loop clutch system. In [15] , the use of a single sliding mode controller (SMC) successfully generated a stable DC bus voltage for the charger/discharger DC/DC converter in any operation condition. It offered the necessary conditions for energy storage devices. In [16] , a robust fuzzy neural network sliding-mode control for a two-axis motion control system was proposed, which was realized with a TMS320C32 DSP. The results demonstrated that the dynamic behaviors of the proposed control systems were robust to the uncertainties. In [17] , an improved sliding mode control strategy was constructed for the model reference adaptive system by adding the speed section switch method. It was shown that the proposed method reduced the system chattering and achieved good effects. In [18] , the speed controller and the load torque observer were designed on the basis of a sliding mode control strategy, which reduced the adverse effects on the control performance caused by the load mutation in the PMSM and enhanced the robustness of the system. In [19] , based on inverse hyperbolic function, a novel integral SMC was formulated to estimate disturbances and suppress system chattering. Experimental results showed that it had low sensitivity with respect to disturbance and decreased system chattering. In [20] , an SMC for the anti-lock braking system was used to maintain the optimal slip value according to optimizing the conventional reaching law. The results proved that the braking stability and the conversion energy was enhanced. In [21] , with a novel exponential reaching law, an adaptive nonsingular terminal SMC was designed to gain the fast tracking of speed and position. To a certain extent, the novel reaching law diminished the system chattering; however, it ignored the essential reason for the chattering existing in the exponential reaching law and enlarged the amount of calculations, so it was unable to acquire the best control performance. In [22] , a novel high-order sliding mode observer constructed by imposing a super twisting algorithm was proposed to obtain the counter electromotive force of PMSM. The results presented that the method followed the speed quickly, whereas the high-order super twisting algorithm added the complexity of system design and was not easily able to be applied in engineering.
In this paper, an adaptive variable-rated sliding mode controller (ASMC) is proposed to regulate the speed in the external loop of BIM. In order to obtain the optimal speed regulation performance, an adaptive variable-rated exponential reaching law is developed by adding the L 1 norm of state variables to the conventional exponential reaching law. It makes the system able to adjust the approach speed adaptively according to the distance between the state variables and expected point. At the same time, it can diminish the system chattering. Moreover, smoothing the sign function can further suppress chattering. The simulation and experiment results indicate that the proposed controller can effectively improve the response speed and precision of the system, eliminate system chattering, and enhance robustness to uncertain disturbance.
Design of the Adaptive Variable-Rated Exponential Reaching Law and ASMC
A nonlinear control system can be described as:
x " f pt, xq`gpt, xqu`bptq s " spt, xq
Energies 2016, 9, 452 3 of 14 where x " rx 1 , x 2 s T is the system state variable; gpt, xq ‰ 0; bptq is the uncertain disturbances of system, |bptq| ď ς and ς is the upper bound of disturbance; u P R n can be expressed by the following equation:
where s i pxq is a switching function and can be given as:
Under the control of u i px, tq, the system runs along the sliding mode surface and obtains higher control performance. However, as a kind of discrete switch, the sliding mode variable structure has chattering. Thus, Gao Weibing, a control theory expert in China, designed a exponential reaching law to eliminate the chattering [23] . The function is written as:
The reaching law improved the quality of the sliding mode to some degree, but taking its banded switching strip into consideration, the system just moved back and forth around the origin and chattered near the origin. The chattering affects the performance of the controller. In addition, ε and λ didn't have the automatic adjustment function according to the position of the state variables, so it can't reach the best convergence property. Devoting to solving the problems above, this paper proposes a new exponential reaching law-the adaptive variable-rated exponential reaching law:
s "´ε||x|| 1 sgnpsq´λ
where ||x|| 1 "
|x| is the L 1 norm of state variables and λ ą 0, ε ą 0, c ą 0, n ą 0.
The approach speed of the system is associated with the distance between the state variable and the stable point under control of the adaptive variable-rated exponential reaching law. When the system state variables are far away from the sliding mode surface, the system state variables are mainly close to the sliding mode surface through λs{p1`α||x|| 1 q. At the same time, it can accelerate the system's approach speed by reducing the value of α. When the system state variables are already near the sliding mode surface,´ε||x|| 1 sgnpsq plays a key role. As the state variables are close to the stable point, the ||x|| 1 is decreasing and gets close to zero. This makes the value of´ε||x|| 1 sgnpsq zero. Hence, it weakens the chattering caused by the constant speed εsgnpsq, and the sliding mode dynamics will stabilize at the origin. In addition, the sign function can be processed as shown in Formula (6) to achieve the purpose of further weakening chattering [24] :
where δ is a positive constant. Considering the high-frequency noise in the traditional sliding mode surface, this paper selects the first-order integral sliding mode surface. It can smooth the speed, reduce the system overshoot and suppress the chattering. The design of ASMC is defined as Theorem 1.
Theorem 1.
For the nonlinear control system shown in (1), the integral sliding mode surface is chosen as:
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The controller is designed as:
where C "
. From above, it can be seen that the system can converge to the stable point in a limited time.
Stability Proof of Theorem 1. According to the Lyapunov stability theory, the existence and reachability of sliding mode are expressed as:
Formula (9) is combined with Formula (5). Then, Formula (9) turns into:
Hence, the adaptive variable-rated exponential reaching law meets the demand of the Lyapunov stability theory. The system can arrive at the sliding mode surface within a limited time from any state.
In addition, by a typical nonlinear system # .
x " Ax`Bu`D s " Cx , an SMC and an ASMC are designed, respectively, based on the index reaching law and adaptive variable-rated exponential reaching law to verify the superiority of the proposed method in this paper, where A "
ı , and D " r1s. The initial state variables are set as Xp0q "
ı .
The simulation results are shown in Figure 1 . It can be seen from the diagram that the ASMC has faster convergence speed and smaller chattering than the SMC. . From above, it can be seen that the system can converge to the stable point in a limited time.
In addition, by a typical nonlinear system
, an SMC and an ASMC are designed, respectively, based on the index reaching law and adaptive variable-rated exponential reaching law to verify the superiority of the proposed method in this paper, where 
Design of the BIM Speed ASMC

The Dynamics Model of BIM
BIM is formed by superimposing other radial levitation force windings in the stator. The rapid rotation and stable suspension of the rotor are realized by controlling the winding current to change the distribution of the air-gap magnetic field. In the d-q coordinate system, the rotor voltage equation in torque windings of BIM is established as:
Air-gap flux linkage equation is given as:
The electromagnetic torque equation is set up as:
The equation of motion is written as:
where the subscript "1" represents the torque windings, the subscript "2" represents radial levitation force windings, the subscript "s" represents stator and the subscript "r" represents rotor; i 2sd and i 2sq are current components of the stator in levitation force winding under the d-q axis; ω 1 is the air-gap field speed; ω r is the rotor speed; J is the rotational inertia of the rotor; T l is the load torque; and p is the differential operator.
The radial levitation force is described as
where
, and K l "
; p 1 and p 2 are pole pairs of the torque windings and suspension windings, respectively; L 2m is mutual inductance of the levitation force windings; l is the effective length of the rotor; r is the stator inner diameter; µ 0 is the permeability of vacuum; N 1 and N 2 , respectively, show the effective number of turns of the torque windings and the levitation force windings; ψ 1d and ψ 1q , respectively, mean the components of flux linkage for the torque winding in the d-q axis.
Because of the magnetic field coupling [25] existing in the radial levitation force and the electromagnetic torque, the air-gap field-oriented control is used to decouple:
After plunging Formula (16) into Formula (12) and combining with Formula (11), the slip ω s and i 1sd can be calculated as:
Energies 2016, 9, 452 6 of 14 where ω s " ω 1´ωr ; i 1sd is an excitation component of the torque winding current; T 1rl " L 1rl {R 1r ; T 1r is a time constant of the rotor, T 1r " L 1r {R 1r . Then, the electromagnetic torque can be simplified as:
At the same time, the radial levitation force can be simplified as:
From Formulas (19) and (20), it can be seen that the radial levitation force and torque, respectively, are relevant to their own winding current. Hence, the radial levitation force and electromagnetic torque have been decoupled.
The Design of the Speed of the ASMC
The speed regulation system of BIM is shown in Figure 2 . The input of ASMC is the difference between the given speed ω˚and the actual speed ω. The output of ASMC is the current iq s .
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The speed regulation system of BIM is shown in Figure 2 . The input of ASMC is the difference between the given speed 
Because of a lot of uncertain disturbances in motor system, 1  e can be given as: The system state variables are defined as:
Differentiating (21) with respect to time and by substituting (14) , e 1 ω1 can be obtained as:
Because of a lot of uncertain disturbances in motor system, e 1 ω1 can be given as:
where ∆ζ and ∆ξ are the uncertain disturbances; |∆ζ| ď ς 1 ; |∆ξ| ď ς 2 ; and ς 1 and ς 2 are bounded constants.
Here, bptq is recorded as the total disturbance factors of the system (including load). Then, (12) can be simplified as:
where b 1 ptq " p∆ζqi qs`p p 1 J`∆ ηqT l`∆ ξ; |b 1 ptq| ď ς and ς is a bounded positive constant. Therefore, the system state equation of speed error is written as:
When the system enters sliding mode motion, differentiating s " e ω1`c e ω2 " 0 with respect to time and the answer is computed as:
As shown above, the velocity of the speed error approaching zero is e´1 {c . Moreover, it can track the speed without overshoot. Therefore, we can get the desired dynamic characteristics of the sliding mode motion by adjusting c.
Differentiating s " e ω1`c e ω2 with respect to time, s 1 is given as:
Using (5) and (27), it can be obtained as:
The controller can be described finally as:
The design of ASMC for BIM is defined as Theorem 2 in this paper.
Theorem 2.
For the speed error control system shown in (25) , the sliding mode surface is adopted as:
The controller is obtained as:
It can be seen that the speed error can converge to the expected place within a limited time, where λ, ε and α are system parameters and c is the integral constant.
Simulation and Experiment Research
Results and Analysis of the Simulation
To verify the effectiveness of the speed ASMC for BIM speed regulating system, a simulation control system was constructed by using the Matlab/Simulink toolbox. The proposed ASMC is shown in Figure 3 . The specific parameters of BIM are shown in Table 1 . The parameters of the ASMC are shown as follows: ε " c " 9; λ " 2; α " 100; ς " 10; and δ " 0.01. The parameters of the PI are k p " 1 and k i " 0.001. 
To verify the effectiveness of the speed ASMC for BIM speed regulating system, a simulation control system was constructed by using the Matlab/Simulink toolbox. The proposed ASMC is shown in Figure 3 . The specific parameters of BIM are shown in Table 1 Figure 4a shows the simulation of the rotor operates at the speed of 6000 r/min with no-load. Figure 4b ,c shows the simulation results of the system working in the condition of sudden load (5 N•m) and speed mutation (6000 r/min drops to 3000 r/min). Compared with ASMC, it can be known from Figure 4 that the system runs slowly at first under the control of PI controller and SMC. When the system is attacked by the sudden load or speed mutation, the speed has obvious fluctuation. The system needs more time to stabilize and it is unable to return to the original speed. The PI controller and SMC appear to have poor control performance.
The high speed (12,000 r/min) simulation results of BIM are shown in Figure 5 . First of all, the system runs at 12,000 r/min with zero-load. Then, the load 5 N•m is given to the system. At last, the speed falls sharply from 12000 r/min to 6000 r/min. The waveforms of the system working on the conditions above separately are shown in Figure 5a -c. Suffering the external disturbances, the speed has big overshoot and operates at a steady state slowly when the system adopts the PI controller or SMC. At the same time, the value of the speed is very different from the original speed. However, the system using the ASMC responds quickly. When the system is affected by the external disturbances, the fluctuation of speed is small and it restores itself to the original value Figure 4a shows the simulation of the rotor operates at the speed of 6000 r/min with no-load. Figure 4b ,c shows the simulation results of the system working in the condition of sudden load (5 N¨m) and speed mutation (6000 r/min drops to 3000 r/min). Compared with ASMC, it can be known from Figure 4 that the system runs slowly at first under the control of PI controller and SMC. When the system is attacked by the sudden load or speed mutation, the speed has obvious fluctuation. The system needs more time to stabilize and it is unable to return to the original speed. The PI controller and SMC appear to have poor control performance.
The high speed (12,000 r/min) simulation results of BIM are shown in Figure 5 . First of all, the system runs at 12,000 r/min with zero-load. Then, the load 5 N¨m is given to the system. At last, the speed falls sharply from 12000 r/min to 6000 r/min. The waveforms of the system working on the conditions above separately are shown in Figure 5a -c. Suffering the external disturbances, the speed has big overshoot and operates at a steady state slowly when the system adopts the PI controller or SMC. At the same time, the value of the speed is very different from the original speed. However, the system using the ASMC responds quickly. When the system is affected by the external disturbances, the fluctuation of speed is small and it restores itself to the original value quickly. It shows that the ASMC has excellent robustness. In addition, by contrasting Figures 4 and 5 , we can know that the adverse influence of disturbance to speed regulation system will be more serious if the motor runs faster. Therefore, to design a controller with strong ability to resist disturbance is very important. Figure 6 shows the radial displacement simulation diagrams of the system operating at the speed of 12,000 r/min under the control of ASMC. It is described in the diagrams that the rotor still can Energies 2016, 9, 452 9 of 14 approach a stable position quickly and suspend steadily even if the system is running at high speed. Good control performance of ASMC is verified.
5, we can know that the adverse influence of disturbance to speed regulation system will be more serious if the motor runs faster. Therefore, to design a controller with strong ability to resist disturbance is very important. Figure 6 shows the radial displacement simulation diagrams of the system operating at the speed of 12,000 r/min under the control of ASMC. It is described in the diagrams that the rotor still can approach a stable position quickly and suspend steadily even if the system is running at high speed. Good control performance of ASMC is verified. 
Results and Analysis of the Experiment
Using the experimental object of BIM as shown in Figure 7 , the digital control system experimental platform is conducted to further prove the effectiveness of the proposed sliding mode control method. The experiment block diagram of the control system is shown in Figure 8 . The photoelectric encoder and the eddy current displacement sensors are used to detect the speed signals and radial displacement signals of rotor, respectively. With the signals, the speed measuring module and the radial displacement detection module can acquire the actual speed and displacement of rotor. After contrasting the actual speed and the given speed (or the actual displacement and the given displacement), the drive circuit controls the two kinds of windings according to the Pulse-Width Modulation signals generated by TMS320F28335, so the rotor can rotate and be suspended. Furthermore, the sampling circuit can detect the feedback circuit from the torque windings and suspension windings. With it, the rotor can adjust the running state in time. The prototype parameters are the same as the simulation parameters. Considering the limitations of photoelectric coder measuring speed, the speed is set to 2000 r/min in the process of the experiment. The air gap of the motor auxiliary bearing is 0.4 mm. The experimental results are shown in Figure 9 . 
Using the experimental object of BIM as shown in Figure 7 , the digital control system experimental platform is conducted to further prove the effectiveness of the proposed sliding mode control method. The experiment block diagram of the control system is shown in Figure 8 . The photoelectric encoder and the eddy current displacement sensors are used to detect the speed signals and radial displacement signals of rotor, respectively. With the signals, the speed measuring module and the radial displacement detection module can acquire the actual speed and displacement of rotor. After contrasting the actual speed and the given speed (or the actual displacement and the given displacement), the drive circuit controls the two kinds of windings according to the Pulse-Width Modulation signals generated by TMS320F28335, so the rotor can rotate and be suspended. Furthermore, the sampling circuit can detect the feedback circuit from the torque windings and suspension windings. With it, the rotor can adjust the running state in time. The prototype parameters are the same as the simulation parameters. Considering the limitations of photoelectric coder measuring speed, the speed is set to 2000 r/min in the process of the experiment. The air gap of the motor auxiliary bearing is 0.4 mm. The experimental results are shown in Figure 9 . From the waveforms, it can be found that the system has faster speed response, better stability and stronger robustness under the ASMC compared to the PI controller and SMC. Figure 9d provides the curve of rotor radial displacement at the speed of 2000 r/min under the control of ASMC. It shows that the center of the rotor runs near the equilibrium position and the biggest offset value of the radial displacement is 80 µm, which is far less than the value of the air gap of motor. It proves that the rotor can be suspended steadily under the control of ASMC. Figure 9a-c separately show the results of the system speed falling sharply from 2000 r/min to 1400 r/min under the control of PI, SMC and ASMC. From the waveforms, it can be found that the system has faster speed response, better stability and stronger robustness under the ASMC compared to the PI controller and SMC. Figure 9d provides the curve of rotor radial displacement at the speed of 2000 r/min under the control of ASMC. It shows that the center of the rotor runs near the equilibrium position and the biggest offset value of the radial displacement is 80 μm, which is far less than the value of the air gap of motor. It proves that the rotor can be suspended steadily under the control of ASMC. 
Conclusions
In order to further optimize the operation quality of the BIM drive system, an adaptive variable-rated exponential reaching law is proposed on the basis of analyzing the conventional exponential reaching law. The proposed reaching law can adjust the approach speed adaptively according to the distances between the state variables and expected points. Moreover, it can suppress system chattering. The simulation and experimental results show that the speed controller of BIM, which is designed on the basis of the adaptive variable-rated exponential reaching law can make the system run faster, strengthen the robustness of the system and improve the operation quality of the BIM speed regulation system. In addition, the control strategy is simple and can be applied to engineering easily. 
In order to further optimize the operation quality of the BIM drive system, an adaptive variable-rated exponential reaching law is proposed on the basis of analyzing the conventional exponential reaching law. The proposed reaching law can adjust the approach speed adaptively according to the distances between the state variables and expected points. Moreover, it can suppress system chattering. The simulation and experimental results show that the speed controller of BIM, which is designed on the basis of the adaptive variable-rated exponential reaching law can make the system run faster, strengthen the robustness of the system and improve the operation quality of the BIM speed regulation system. In addition, the control strategy is simple and can be applied to engineering easily.
